For more than a century it has been noted that the adult human vocal tract differs from that of other mammals, in that the resting position of the larynx is much lower in humans. While animals habitually breathe with the larynx inserted into the nasal cavity, adult humans are unable to do this. This anatomical difference has been cited as an important factor limiting the vocal potential of nonhuman animals, because the low larynx of humans allows a wider range of vocal tract shapes and thus formant patterns than is available to other species. However, it is not clear that the static anatomy of dead animals provides an accurate guide to the phonetic potential of the living animal's vocal tract. Here I present X-ray video observations of four mammal species (dogs Canis familiaris, goats Capra hircus, pigs Sus scrofa and cotton-top tamarins Sagunius oedipus). In all four species, the larynx was lowered from the nasopharynx, and the velum was closed, during loud calls. In dogs this temporary lowering was particularly pronounced. Although preliminary, these results suggest that the nonhuman vocal tract is more flexible than previously supposed, and that static postmortem anatomy provides an incomplete guide to the phonetic potential of nonhuman animals. The implications of these findings for theories of speech evolution are discussed.
Introduction
Movements of the human vocal tract during speech production are of paramount importance in the production of spoken language, and have been subjected to intense scrutiny by speech researchers for decades. It is thus surprising that, except for a few ground-breaking studies [Lieberman, 1968; Lieberman et al., 1969; Andrew, 1976] , research on vocal production in nonhuman mammals has focused almost entirely on the anatomy and physiology of the larynx. Little is known about the anatomy of the other portions of the vocal tract or their dynamics during vocalization. This is not because the role of the vocal tract in mammalian vocalizations is negligible. The static Fitch 206 Phonetica 2000;57: [205] [206] [207] [208] [209] [210] [211] [212] [213] [214] [215] [216] [217] [218] anatomy of the vocal tract plays a crucial role in determining formant frequencies in animal calls [Fitch, 1997; Riede and Fitch, 1999] . Recent work indicates that animals dynamically manipulate their supralaryngeal vocal tracts while vocalizing [Bauer, 1987; Hauser et al., 1993; Hauser and Schön-Ybarra, 1994] . Finally, perceptual studies indicate that conspecific listeners could perceive the resulting changes in formant frequencies with an accuracy rivaling that of humans [Owren, 1990; Sommers et al., 1992] . Thus, after decades of neglect, the role of vocal tract movements and formant frequencies in animal communication is becoming a focus for renewed research efforts.
Formant-like spectral features are present in the vocalizations of many different nonhuman animals, including alligators, some birds, and many mammals including nonhuman primates. In a few species (dogs and macaques) these spectral features have been shown to be formants by combining anatomical measurements of vocal tract length with acoustic analysis of the same individuals' vocalizations [Fitch, 1997; Riede and Fitch, 1999] . The length of an air tube plays a critical role in determining the spacing of its resonant frequencies, along with other factors such as the location of constrictions in the tube, or end effects. For a relatively uniform tube, formant spacing should be accurately predicted by vocal tract length, as was found in both of the above studies. Thus, both dog and monkey vocalizations possess formants, and their formant frequencies are largely determined by static vocal tract anatomy.
However, little is currently known about vocal tract dynamics during nonhuman vocalization. Human speech is characterized by rapid, precise movements of vocal tract articulators (lips, tongue, jaw, velum, larynx) . The resulting changes in the shape of the supralaryngeal vocal tract (specifically its cross-sectional area function) lead to the dynamic pattern of formant variation which typifies human vocal communication. Spectrographic observations and several more direct techniques suggest that some animal vocalizations also involve such movements. For example, Bauer [1987] and Hauser et al. [1993] used video analysis to demonstrate that changes in lip configuration were associated with acoustic changes in chimpanzee and macaque vocalizations, and Hauser and Schön-Ybarra [1994] experimentally induced significant acoustic changes in macaque vocalizations by immobilizing the lips with xylocaine injections. Unfortunately, such analyses can offer only a glimpse of the full range of articulatory possibilities open to the animal, since most of the important articulators (tongue, larynx, velum) are typically invisible.
X-ray video, or cineradiography, offers an ideal window into such vocal tract movements. Because the anatomical structures comprising the vocal tract overlap nearly completely with those involved in swallowing and feeding, techniques developed and tested for swallowing research can be readily adapted for studies of articulation during vocalization. Unfortunately, the only published cineradiographic observations of nonhuman animals vocalizing are extremely schematic and present no detailed data [chickens, White, 1968, and guinea pigs, Arvola, 1974] . In this paper, I report cineradiographic observations of vocalizing mammals of four different mammal species (dogs, goats, pigs and tamarins, which are New World monkeys). This study is part of a larger study of the vocal tract dynamics underlying vocalization in mammals that will be reported more fully elsewhere. A number of extremely basic questions about animal vocalization are easily answerable using cineradiography. Is mammal vocal tract morphology static or dynamic during vocalization? Are laryngeal calls emitted through the oral or nasal cavities (or both)? To date, despite the common assumption that most mammals vocalize orally, there are no empirical data addressing this question.
Another set of questions of interest to speech scientists relates to the evolution of human speech capabilities. Although animals possess formants, the variety of formant frequency patterns observed in animal vocalizations seems limited relative to those observed in human speech. In contrast to human speech, where a wide variability in the lower formants (especially F 1 and F 2 ) is exploited to create a large set of discriminable speech sounds, animal vocalizations appear to have relatively evenly spaced formants that do not vary greatly from those predicted for a constant-diameter tube of the appropriate length [e.g. Fitch, 1997; Riede and Fitch, 1999, but see Richman, 1976 , for a dissenting opinion]. In a classic study, Lieberman et al. [1969] combined anatomical investigations of a rhesus macaque with computer modeling techniques to show that the range of vocal tract shapes, and thus formant patterns, that could be produced by this monkey species was quite limited relative to the wide human vowel space. This was also the conclusion of a more recent study [Owren et al., 1997] , which found that chacma baboon grunts utilize a very limited range of formant frequencies relative to humans, despite their similar vocal tract lengths.
What is the explanation of the limited variability of formant patterns that typifies most nonhuman mammal species? The traditional explanation derives from the anatomical observations of Negus [1929 Negus [ , 1949 , who found that the resting position of the larynx in adult humans differed from that of the other mammals he examined. In particular, while most mammals can insert the larynx into the nasopharynx to form a sealed nasal respiratory path, humans past the age of a few years cannot, due to the much lower resting position of the larynx in our species. Negus [1929 Negus [ , 1949 also observed that the laryngeal position of human newborns resembled that of other mammals more than that of human adults, and described a gradual descent of the larynx in human ontogeny, subsequently verified by later researchers [e.g. Laitman and Crelin, 1976; Sasaki et al., 1977] . This anatomical difference led Lieberman et al. [1969 Lieberman et al. [ , 1972 to suggest that the high laryngeal position of human infants and nonhuman mammals eliminates the large vertical pharynx typical of humans, and thus physically blocks anterior-posterior movements of the tongue body. Such movements are essential for the 'two-tube' vocal anatomy that is necessary to produce certain formant patterns, in particular those that characterize the point vowels /i/, /a/ and /u/ that are found in almost all human languages [see Lieberman, 1984 Lieberman, , 1998 . Thus, these researchers hypothesized that the inability of animals to produce a wide range of formant patterns stemmed directly from the anatomy of their peripheral vocal tract, and in particular the high resting position of the larynx.
This hypothesis was based on anatomical observations of dead, formalin-fixed specimens. The technology necessary to observe the dynamic anatomy of the larynx and vocal tract was not available during the years when Negus was active. Thus Negus [1949] was forced to assume that the static anatomy of the vocal tract, as observed in dead animals, provides an accurate guide to its dynamic capabilities in life. With regards to the position of the larynx in animals, the cineradiographic results presented below call this assumption into question. In particular, these data show that the larynx is lowered out of the nasopharynx during loud vocalizations in all of the species that have been investigated thus far. In some species, such as dogs, this 'dynamic descent' of the larynx is extensive. These data suggest that the differences between human vocal anatomy and that of other species, while indubitably important for speech production, may have been overemphasized.
Methods
Cineradiographic observations were made of 3 dogs (Canis familiaris), 2 goats (Capra hircus), 2 cotton-top tamarin monkeys (Saguinus oedipus) and 1 pig (Sus scrofa). Movements of the tongue, velum, hyolaryngeal apparatus and jaw were digitally videotaped (Sony DCR-VX1000) at 60 frames/s using a Siemens Tridoros 150 G-3 cineradiography system. No animals were harmed in this study: the levels of radiation produced by this system are harmless for the periods for which our subjects were filmed. All protocols were approved by the Harvard University Animal Care and Use Committee. Goats were restrained using a thoracic harness, while the pig and monkeys were kept within the field of view in small transport cages two or three times their body length. Dogs were induced to sit in front of the camera by use of treats. Animals were filmed during chewing, swallowing, lapping water (goats and dogs only), sucking a nipple (pigs only) and vocalization. The piglet (a young animal) vocalized spontaneously and extensively. Goats and monkeys were induced to vocalize by playing recordings of conspecific vocalizations. One dog vocalized (howls and whines) upon hearing his master howling, while another was trained to bark upon verbal command.
Results

The Mammalian Vocal Gesture
We observed the following vocalization types in our experimental animals: dog barks, whines, and panting; pig grunts and squeals; goat quiet and loud bleats and tamarin long calls, chirps and chatters. In the vast majority of calls we observed, the larynx was lowered from the nasopharynx during vocalizations and the velum was raised, apparently closing off the nasal passage. Thus most of these calls were emitted solely from the mouth. The exceptions were for quiet calls (dog whines, pig grunts, and goat quiet bleats): in these calls the larynx remained inserted in the nasopharynx, yielding nasally emitted calls. The degree of laryngeal lowering varied between species, with goats showing the least and dogs the greatest descent (the larynx was too small to be clearly visualized in most frames for monkeys, preventing an accurate estimate of laryngeal lowering in this species).
Our observations suggest a relatively stereotyped 'vocal gesture' for orally emitted calls, which applies to all four mammal species, and is illustrated in figure 1 for dog barking: (1) Prevocal breathing: larynx engaged in nasopharynx (velar-epiglottal contact, fig. 1a) . (2) fig. 1d ). (6) Cessation: the articulators return to their prephonatory position, except that the epiglottis does not return to the intranarial position until swallowing. (7) Swallowing: returns the epiglottis to the retrovelar position of (1).
Vocalization can occur at any of the stages between (2) and (7). Some degree of laryngeal lowering occurred in all species. A second clear finding is that the velum is extremely mobile in all of these species and appears to completely close off the nasal passages during loud vocalizations in all four species. This is illustrated in figure 2 for monkeys, and figure 3 for dogs, goats and pigs. Besides this basic finding of laryngeal lowering and velar closure during most vocalizations, the most surprising finding was that the postvocal return of the larynx to the intranarial position requires swallowing. In other words, after being pulled out of contact with the velum by laryngeal descent, the Fitch 208 epiglottis appears to remain subvelar until a swallow occurs. In the case of both dogs and goats, this period of both oral and nasal respiration can last for longer than 10 s. This delayed postvocal return is independent of oral breathing during panting, which was also observed in both of these species.
Certain vocalizations (dog whines and pig grunts) appear to be nasally emitted. In the case of a panting dog (which was breathing orally), we observed a raising of the larynx to touch the velum during the whine, after which the epiglottis lowered back to rest against the tongue root. Thus, this call (a high-pitched, relatively tonal vocalization) appears to be an obligate nasal vocalization (at least for that individual). This gesture is illustrated in figure 4 . All pig grunts appeared to be nasally emitted. Pig grunts thus require little muscular activity beyond vocal fold tensing to be produced.
Mammalian Phonetic Capabilities
These data indicate a minimum of four binary phonetic distinctions that would be available to these species. These are illustrated by differences in the naturally produced vocalizations of the dog: (1) (2) velum position: open or closed (± nasal) -whine vs. bark; (3) excitation: voiced or turbulent (± voiced) -growl vs. pant, and (4) segment temporal duration: short vs. long (± long) -whine vs. growl. These distinctions are not meant to correspond exactly to particular distinctive features in human speech, or to particular phonetic classes such as consonants or vowels, but simply to indicate the ability to modulate an ongoing vocalization stream in various ways. These represent an extremely conservative estimate of the phonetic capabilities of the dog's vocal tract, since they are based on what dogs were actually observed to do during vocalization.
A more realistic appraisal of the phonetic capabilities of the canine vocal tract, supposing that a human nervous system were in control, would include additional distinctions that appear to be available based on observations of nonvocal behaviors (pant- During panting breathing (a) air is inspired through the nose and then exhaled through the mouth, which is accomplished by rapid pulsation of the velum. During whining (c) (inspired by the dog's owner singing) the epiglottis is pulled backwards into contact with the velum to produce a nasally emitted vocalization. Note, prior to phonation (b), the darkening of the vocal folds due to tensing. ing, chewing, swallowing, and lapping). Examples include: (5) place of articulation (labial, dental, 'velar'); (6) tongue blade flat or recurved (± retroflex, fig. 5); (7) taps and trills (by velum or tongue blade), and (8) other vowels (some front-back capability, fig. 6 ). Two of these possibilities are illustrated by the X-ray frames in figures 5 and 6. 'Velar' place of articulation is placed in quotes because the dog's vocal tract does not have the strong angulation at the oral/pharyngeal junction that is typical of humans. Thus, contact between velum and the back of the tongue, while clearly possible for the dog, would not have an equivalent acoustic effect to a velar place of articulation in humans.
As noted above, it is the loud calls which are invariably associated with open mouths, a closed velum and retracted larynges, a vocal configuration that renders these calls purely oral. One plausible explanation for this nonnasal configuration is that the nasal cavities absorb more acoustic energy than the oral cavities, due to the large and compliant surface area caused by nasal side branches and the nasal turbinates. To test this prediction I broadcast sound through the oral and nasal cavities of fresh cadaver heads (sheep and rhesus macaque) obtained from a veterinary morgue. A small piezoelectric speaker generating pulse trains at various fundamental frequencies was inserted in the nasopharynx or oropharynx and the transmitted sound recorded at 10 cm from the tip of the snout. The purely oral sounds had peak amplitude levels five times those of the nasally emitted sounds. RMS amplitude values of the oral sounds over a 400-ms window were 14-15 dB above those of nasal sounds. Thus, the nasal cavities absorb a considerable portion of the acoustic energy generated at the larynx, and to produce maximally loud vocalizations an animal should produce purely oral calls.
Discussion
While the current results are preliminary, involving only a few individuals of a few species, they do permit us to draw some important conclusions about the relationship between peripheral anatomy and vocalizations in nonhuman animals. In particular, the cineradiographic observations clearly indicate that animal vocal tracts are surprisingly elastic and mobile, and that dead (and typically formalin-fixed) specimens provide a poor guide to the range of vocal movements available to the living animal. These data indicate that the vocal tract configuration of vocalizing animals, at least in dogs, pigs, goats and monkeys, is more similar to that of human talkers than was previously inferred on the basis of dissections of dead animals. All four species appear to raise the velum, closing off the nasal airway, during loud vocalizations. Finally, the current results show that all four nonhuman species examined can and do lower their larynges during loud vocalizations, either to a relatively minor degree (goats) or to a surprisingly extensive degree (dogs).
These data suggest that the differences between the vocal tracts of humans and nonhuman mammals, particularly regarding the resting position of the larynx, have been overemphasized. In particular, the notion that the larynx physically blocks anterior-posterior movements of the tongue body in nonhuman animals must be reevaluated. Our data suggest that by tensing the strap muscles connecting the hyolaryngeal apparatus to the sternum (sternothyroid and sternohyoid), most mammals can pull the larynx and tongue downward out of the nasopharyngeal region and thus provide space for at least some anterior-posterior movement of the tongue body. All of our subject Fitch 214 species do so during loud vocalizations. In the case of species such as the dog this laryngeal lowering is extreme enough to provide a roomy pharygeal cavity, which could potentially allow dogs to produce a much wider variety of formant frequencies than they do. In short, these observations indicate that the high resting position of the normal mammalian larynx cannot by itself explain the reduced variability in the formant patterns produced by nonhuman animals.
Observations of tongue movements during chewing and swallowing also indicate considerable flexibility and control of the tongue (especially in dogs and goats). This contrasts with the essentially static tongue position observed during species-specific vocalizations. Taken together, the cineradiographic results suggest that the nonhuman vocal tract is more versatile than previously imagined, and could support a much wider variety of vocalizations than any of the species studied actually produce. It thus seems possible that the shortcomings of these species with regards to producing a diversity of formant patterns results less from their peripheral anatomy than from the neural control mechanisms involved during vocalization. Of course, much more work needs to be done before we have a solid grasp of the possibilities provided by, and the constraints imposed by, the vocal anatomy of other mammals. Hopefully, these observations will lead to a reinvigoration of research on the mechanisms underlying mammalian vocal production and a better understanding of the role of vocal tract dynamics in mammals. In addition to providing animal models appropriate for studying certain aspects of human speech production, such research may help clarify the similarities and differences between human vocal tracts and those of other mammals, and thus elucidate the evolutionary path which led to our own unique vocal anatomy.
The Evolution of Speech and Human Vocal Anatomy
Although the data above show that animals lower their larynx during vocalizations, the fact remains that humans differ from other species in having a larynx that is permanently lowered. How can we explain this difference? I suggest that the hypothesis of Lieberman et al. [1969 Lieberman et al. [ , 1972 still provides the best explanation for the current adaptive value of the descended larynx: it is an adaptation for producing articulate speech. For an organism that spends a lot of time talking, the necessity to tense the strap muscles (sternothyroid and sternohyoid) before each vocalization might prove significantly more energetically costly than simply leaving it low. The relatively small size of the strap muscles in humans relative to (for example) rhesus macaques is consistent with this hypothesis. Also, having a stable low position of the tongue root may enable humans greater control in producing speech sounds that require fine control over vocal tract shape (e.g. sibilants, fricatives and perhaps point vowels). Thus, having the skeletal support for the tongue body in a permanently low, stabilized position may provide significant advantages for producing the rapid, precisely controlled vocal tract movements that characterize modern human speech.
The standard mammalian vocal gesture described above involves laryngeal lowering during vocalization. It seems plausible that this aspect of mammalian vocal behavior provided a preadaptation for human style vocalization, where a lowered larynx confers two degrees of freedom for tongue body movement. Although it would be extremely premature to suggest that humans are the only mammals that have exploited ['exapted', Gould and Vrba, 1982] this possibility, the four species of mammals we have studied do not appear to make use of it. In fact, these animals seem to make little use of the dynamic possibilities of their vocal tracts during vocalization, compared to
The Phonetic Potential of Nonhuman Vocal Tracts 215 the complex gymnastics of the tongue body and blade, and the lips, that are observed when they feed. In general, the vocal tract appears to be placed in a static position, ideally suited for maximal amplitude, during the entire call. But it is clear that movements of the tongue body made while the tongue root was lowered could produce a wide range of formant patterns. This suggests a phylogenetic sequence for the evolution of human speech abilities (especially formant variation). In stage one, some early ancestor used a standard mammalian vocal gesture to produce calls, but introduced tongue body perturbations during larynx lowering to produce a wider range of formant patterns (and hence a greater diversity of discriminable 'calls' or phones). The rhesus macaque 'girney' call, which shows clear formant movement across a single utterance, may be a representative of such a stage. In stage two, the use of dual degrees of freedom of the tongue body was consolidated into the communication system, with a variety of vowel-like sounds and formant transitions being produced. However, these sounds would be made with a temporarily lowered larynx, and the larynx would be returned to the nasopharynx during resting breathing. Finally, in stage three, the larynx would have assumed a permanent low resting position during ontogeny, as it does today, giving these hominids less effortful speech and perhaps more vocal control, as suggested above. Although this proposed sequence implies that the selective force responsible for the transition to stage three was improved speech abilities, there are other possibilities as well. For instance, Michael Owren [pers. commun.] has suggested that vocal tract length plays a crucial role in individual recognition among primates, and that permanent laryngeal lowering was a way of preserving ancestral vocal tract lengths as the snout shortened over the course of hominid evolution. Similarly, it has been suggested [Ohala, 1983 [Ohala, , 1984 Fitch, 1994 Fitch, , 1997 that descent of the larynx may have originally functioned as an adaptation to exaggerate the impression of body size conveyed by vocalizations. In all of the mammals that have been examined thus far, there is an overall correlation between an individual's body size (either height or weight) and its vocal tract length, which in turn determines the formant frequencies of its vocalizations. This vocal tract length/body size correlation has been observed in monkeys [Fitch, 1997] , humans [Fitch and Giedd, 1999] and dogs [Riede and Fitch, 1999] , suggesting that formant frequencies could provide an accurate cue to body size in a variety of mammals. However, once perceivers use formants to estimate body size, an individual able to elongate its vocal tract and thus lower its formant frequencies could duplicate the formant patterns of a larger individual that lacked this ability, and thus exaggerate the impression of size conveyed by its vocalizations.
Perceptual experiments using computer-synthesized vowels indicate that humans do in fact use formants to estimate body size of speakers [Fitch, 1994] . Consistent with this 'size exaggeration' hypothesis, the larynx of human males shows a second descent at puberty [Goldstein, 1980; Fitch and Giedd, 1999] , thus elongating the vocal tract relative to that of prepubescent males and females. More extreme examples of vocal tract elongation are seen in many birds [Fitch, 1999] and in fallow and red deer males. In the latter case, male deer use their powerful strap muscles to retract the larynx nearly to the sternum when producing roar vocalizations during the rutting period [Fitch and Reby, unpubl. data] . These observations suggest that the dynamic laryngeal lowering that precedes vocalization in the mammals studied here also represents a preadaptation to size exaggeration via vocal tract elongation. It is currently unknown to what degree this is typical of other mammal species, but anatomical observations of lions and other 'roar- Fitch 216 ing cats' [Pocock, 1916; Hast, 1989] , which have a very loose and elastic stylohyoid ligament, suggest that they might also lower the larynx during roaring. Thus, a second adaptive function of a lowered larynx is to allow the production of more impressive vocalizations, with lower formants and a more 'baritone' timbre, via vocal tract elongation. It seems possible that this function played some role in the evolution of the human vocal tract, either prior to or simultaneous with selection for enhanced speech abilities.
